Hutchinson's fundamental niche, defined by the physical and biological environments in which an organism can thrive in the absence of inter-species interactions, is an important theoretical concept in ecology. However, little is known about the overlap between the fundamental niche and the set of conditions species inhabit in nature, and about natural variation in fundamental niche shape and its change as species adapt to their environment. Here, we develop a custom-made dual gradient apparatus to map a cross-section of the fundamental niche for several marine bacterial species within the genus Vibrio based on their temperature and salinity tolerance, and compare tolerance limits to the environment where these species commonly occur. We interpret these niche shapes in light of a conceptual model comprising five basic niche shapes. We find that the fundamental niche encompasses a much wider set of conditions than those strains typically inhabit, especially for salinity. Moreover, though the conditions that strains typically inhabit agree well with the strains' temperature tolerance, they are negatively correlated with the strains' salinity tolerance. Such relationships can arise when the physiological response to different stressors is coupled, and we present evidence for such a coupling between temperature and salinity tolerance. Finally, comparison with well-documented ecological range in V. vulnificus suggests that biotic interactions limit the occurrence of this species at low-temperature-high-salinity conditions. Our findings highlight the complex interplay between the ecological, physiological and evolutionary determinants of niche morphology, and caution against making inferences based on a single ecological factor.
Introduction
In his often-cited 1957 essay, GE Hutchinson introduced the concept of the fundamental niche as the combination of all environmental conditions (biotic and abiotic) that permit a species to sustain its population in the absence of interference from other species (Hutchinson, 1957) . Since that time, the niche concept has been one of the most studied and one of the most debated concepts in theoretical ecology (Whittaker et al., 1973; Leibold, 1995; Chase and Leibold, 2003; Holt, 2009) . Despite its central importance, few empirical studies have been undertaken to map the fundamental niche space associated with non-consumable environmental factors, such as temperature, salinity and pH (Panagou et al., 2005; Hooper et al., 2008) . Rather, studies have primarily focused on the effects of multiple consumable environmental resources (for example, nutrients) on inter-species competition (May and MacArthur, 1972; Tilman, 1982; Naeem and Colwell, 1991; Leibold, 1995; Chase and Leibold, 2003) .
Hutchinson considered whether niche shapes, that is, the 2-dimensional (2D) cross-section of a pair of environmental factors, could prove informative regarding the physiological response of an organism toward those factors. He deduced that independently acting factors should map out a rectangular fundamental niche, because the maximum tolerance to either factor is independent of the other, and supposed that interactions between factors could lead to more complex shapes. In this way, a species' niche shape reflects the organism's physiological response, for example, whether the stress response pathways for each factor are independent.
In a broader evolutionary context, the populationwide variation in niche shape and the plasticity of these shapes with respect to mutation will have profound effects on how species adapt to new or changing environments. For example, if niche shapes are highly constrained within species, then large changes in environmental factors can lead to significant changes in community composition with many species being displaced. On the other hand, if variation is high within populations, community composition could be robust to large changes in environmental parameters.
In this study, we combine theory and experiment to address the following fundamental questions: (i) What basic classes of 2D niche shapes are anticipated based on considerations of organism physiology? (ii) Which niche shapes are observed? (iii) How does the fundamental niche relate to the environment species typically inhabit? (iv) How do niche shapes vary within and between the populations? Although our scientific questions and theoretical development apply generally to any model system and any environmental factors, we focused our experimental efforts on the salinity-temperature niche of 17 environmental isolates of the bacterial genus Vibrio, representing 11 well-characterized and genetically diverse species, isolated from a range of different environments (Table 1) (Thompson FL et al., 2004a; Thompson JR et al., 2004b; Hunt et al., 2008) . Bacteria constitute a convenient model system as their growth can be assayed in high throughput over a range of tightly controlled environmental conditions. The Vibrio genus is an excellent model system because it is found in a notable range of environmental temperatures and salinities (Urakawa and Rivera, 2006) , which have been shown to be the strongest environmental determinants of microbial community composition (Lozupone and Knight, 2007; Herlemann et al., 2011) . Moreover, there is evidence that temperature and salinity are prominent factors in Vibrio ecology, population dynamics, physiological stress response and evolution (Kaspar and Tamplin, 1993; McCarthy, 1996; Randa et al., 2004; Garrity et al., 2005; Soto et al., 2009 ).
Materials and methods

Bacterial strains and isolates
The following bacterial strains were used in this study: V. parahaemolyticus EB101 (ATCC 17802), V. fischeri MJ11 (ATCC 7744), V. cholerae N16961 (ATCC 39315), V. metecus strains OP6B# and OP3H#, Listonella (formerly Vibrio) anguillarum NCMB 6 (ATCC 19264), Vibrio sp. (DAT7222), Vibrio sp. MED222 and the V. splendidus strains 12B1*, 12F1*, 12A10*, 14B11*, 12E10*, Vibrio sp. F12*, V. crassostreae 1C5*, V. cyclitrophicus strains 1-273 and Z-264. Strains marked with * and # (190 r.p.m.) . For all experiments on 2D gradients, salinity-adjusted medium (LB-S) was prepared following the protocol for lysogeny broth (LB) medium with the NaCl concentration adjusted as required. We relied solely on NaCl for adjusting the salinity of the growth medium as Stanley and Morita (1968) have shown that NaCl is the most effective salt with respect to restoring normal temperature tolerance in bacteria when replenishing dilute seawater. Other deviations from standard LB medium were that the pH of LB-S medium was adjusted to 8.0 using 1 N NaOH and the concentration of agar in solid LB-S was raised from 1.2% to 1.5% w/v.
Preparation of 2D salinity/temperature gradients Orthogonal salinity and temperature gradients were established in disposable, non-vented 241 Â 241 Â 20 mm bio-assay polystyrene dishes (Nunc, Thermo Fisher Scientific, Roskilde, Denmark). Salinity gradients were established by diffusion between two adjacent medium layers (Panagou et al., 2005) using the following procedure: The dish was tilted by raising one side by 5 mm and a wedge-shaped high salinity base layer was poured, using 170 ml solid LB-S medium containing 2.2 M NaCl. After solidification, the plate was leveled and the top layer was poured using 170 ml solid LB-S medium without additional NaCl (0 M, Supplementary Figure S1 ).
The gradient was equilibrated for 43 h to ensure diffusion-driven formation of the salinity gradient along one axis of the bio-assay dish. Before inoculation, any residual water (from condensation during cooling of the solid medium) was removed from the surface of the gradient followed by drying for 10 min under sterile laminar air flow. Stable and reproducible temperature gradients were established using a custom-made device (Supporting Information), into which the bio-assay dish was installed after establishment of a salinity gradient (Supplementary Figure S1) .
Inoculation of 2D salinity/temperature gradients After colony purification on solid tryptic soy broth medium, cultures were grown overnight in liquid LB-S containing 0.5 M NaCl. After adjusting OD600 to 0.07 using a NanoDrop 1000 (Thermo Scientific, Wilmington, DE, USA) spectrophotometer (1 mm optical path length), the cultures were further diluted in LB-S 0.5 M NaCl to a density of 6 Â 10 7 cells ml À 1 . Cells were then spotted onto the surface of the salinity gradient in a regularly spaced grid of 24 Â 24 spots using a 96-well replicator, rather than spread across the surface to avoid cell density effects (for example, colonies that extend into regions that otherwise do not support growth from individual cells). Assuming that each pin of the 96-well replicator transfers a volume of 2-20 ml, the number of cells inoculated onto each spot is estimated to be on the order of 10 5 -10 6 . The distance of B0.9 mm between neighboring culture spots corresponds to the pins on a 96-well plate replicator.
Data acquisition from 2D salinity/temperature gradients Gradient plates were incubated for 24 ± 2 h after inoculation. Zero net growth isoclines (ZNGIs) were determined from the most extreme temperature/ salinity values that developed visible colonies within this time frame (Figure 2a ), and were used as proxies for niche boundaries. The salinity of all culture spots along the ZNGI and the temperature gradient were measured, and a digital image of the experiment was taken. As temperature gradients proved stable along the salinity axis (Supplementary Figures S3B and S5D ), the temperature of culture spots along the ZNGI could be inferred from the temperature gradient, rather than measured for each spot individually. In each experiment, temperature was measured in 1 cm intervals along the temperature axis, using a handheld IR thermometer, with four replicate measurements taken at each point. These measurements were fit to a cubic function, which was then used to infer the temperature at the ZNGI culture spots.
By contrast, the salinity gradients were more variable along the temperature axis (Supplementary Figures S4D and S5B ), necessitating the direct measurement of salinity at each of the ZNGI culture spots.
At each spot, a small core sample was taken, and separated into liquid and solid components by centrifugation for 30 min at 20 800 g. The liquid phase was diluted in deionized water, and ppt salinity measured using a refractometer. A standard curve was used to convert the measured salinities into mol per l NaCl (Supplementary Figure  S2) . Two duplicate measurements were performed on each core, and their mean was taken as the spot's salinity.
Phylogenetic analysis and independent contrasts
A phylogenetic tree of the studied strains plus Escherichia coli K12 (outgroup for rooting) was constructed based on partial sequences from eight housekeeping genes: hsp60, recA, gyrB, sodA, adk, mdh, pgi and chiA. Sequences for strains Vibrio sp. MED222, V. parahaemolyticus, and V. fischeri MJ11, and L. anguillarum were obtained from complete genomes available on GenBank. For all other strains, partial sequences were obtained during previous studies using multilocus sequencing (Boucher et al., 2011; Preheim et al., 2011 , and references therein). Sequences were aligned using MUSCLE (Edgar, 2004) , and manually trimmed before concatenating all alignments. A phylogenetic tree was inferred using PhyML (Guindon et al., 2005) with default settings. We note that this tree reflects the strains' evolutionary history, rather than the evolutionary history of particular genes that determine the niche shape. Felsenstein's (1985) independent contrasts method (Garland et al., 2005) was implemented in the Python programming language, and used to compute correlations between shape parameters and the statistical significance of these correlations. This method is utilized as standard Pearson correlations do not take into account the phylogenetic relationships between strains, which may lead to spurious correlations. The method of independent contrasts circumvents this problem by constructing new, independent variables, which are differences between the parameters of different strains. This method is based on the assumptions that trait evolution is consistent with a neutral Brownian motion model, and that dependencies arise from shared evolutionary ancestry. The validity of these assumptions was assessed using two different methods, as suggested by Garland et al. (1992) . First, under the model assumptions normalized contrasts are predicted to be independent of the square root of the sum of their branch lengths. This expectation was validated by performing a linear ordinary least-squares fit between these variables. Contrasts that were clear outliers with respect to any of the niche parameters were excluded from further analysis (for example, Supplementary Figure S8 ). These contrasts corresponded to nodes with extremely short branch length, and are known to be very sensitive to measurement errors (Ives et al., 2007) . Second, the model prediction that contrasts be normally distributed was assessed using the Shapiro-Wilk test for normality (Supplementary  Table S1 ).
Theory
Theory of niche shapes and corresponding classes of stress interactions To avoid ambiguity, we formally define the fundamental niche and related terms, as used in this paper. Following Hutchinson, the fundamental niche represents the combination of environmental conditions that permit a species to maintain its populations in the absence of other species. Each combination of permissive conditions can be represented as a point in a high-dimensional space in which each coordinate represents the magnitude of a single environmental factor. The collection of all such points is termed the niche space, and the niche boundary is defined as the curve encapsulating all permissive conditions in the niche space. Equivalently, for a given species, let g(E) be the species' net growth rate at environmental conditions E. The fundamental niche corresponds to the set of conditions for which g(E) X0, and the niche shape to the set of conditions for which g(E) ¼ 0. As it is not possible to characterize the full (multi-dimensional) extent of the niche space for an organism, we focus on a cross-section in which two non-consumable environmental factors, temperature and salinity, are systematically varied. Changing other environmental factors, such as pH or type of media, can affect the shape of the temperature-salinity fundamental niche as a different cross-section of the full niche space might be measured.
Five basic classes of niche shapes are illustrated in Figure 1 . These shapes capture the effect of two non-consumable environmental factors (with levels E1 and E2) on a single population, with all other parameters held constant. We assume there exists a unique optimal condition {E1 opt , E2 opt } that supports the largest sustainable population, and defined the origin to be this condition. The axes thus correspond to deviations from optimal conditions or stress levels. The curves represent niche boundaries, and contained between a curve and the axes is the area corresponding to the fundamental niche. It is important to note that different quadrants represent different types of stress (for example, heat stress vs cold stress), which may have entirely different response pathways and couplings. Thus, the niche shape may vary between quadrants. Figure 1 represents only one quadrant of the niche shape, in which both non-consumable environmental factors are at, or above their optimal level.
We focus on basic niche shapes that can be interpreted in terms of the physiology underlying the organism's stress response, rather than developing complex models that are able to capture the finer details of niche shapes. To do so, we considered shapes corresponding to zero, linear and non-linear interactions between stresses, with the restrictions that the type of stress interaction is independent of the stress levels (that is, the niche boundary does not cross the additivity line), and that the sign of the curvature of the boundary is constant. An analogous approach is widely used in multicomponent drug therapeutics (Keith et al., 2005; Yeh et al., 2006) , where it is known as isobolographic analysis (Gessner, 1995) .
These assumptions result in five basic shapes: concave, diagonal, convex, rectangular and superconvex ( Figure 1 and Table 2 ). The simplest case is that of non-interacting stressors, which lead to a rectangular niche shape as the maximal tolerance to either stressor is independent of the level of the other stressor. One way stresses can interact is through both creating demand for a common, limiting cellular resource, such as ATP. That is, some amount of the common cellular resource is dedicated to alleviate the effects of either stress. If the stress level maps to limiting resource consumption in a linear fashion, the fundamental niche boundary will be diagonal. On the other hand, if the resource consumption increases faster or slower than linear with stress levels, niche shapes can be concave or convex, respectively. Other shapes can arise when the concentration or activity of some cellular components (for example, proteins or pathways) affects both stresses simultaneously. These components may not compete for cellular resources, Figure 1 Five classes of fundamental niche morphology and underlying stress interactions. Axes measure the deviations from the optimal conditions (the origin), that is, the stress due to the environmental factors. The curves represent niche boundaries, with the area contained between a curve and the axes corresponding to the fundamental niche area. Each curve is labeled according to its shape, with the corresponding type of stress interaction indicated in parentheses. Note that only the positive quadrant (both non-consumable environmental factors above their optimal levels) is depicted. Growth rate is determined by the more severe of the two stresses and is completely unaffected by the other stress. As noted by Hutchinson, the corresponding niche shape is rectangular (GE Hutchinson, 1957) g(S1,S2) ¼ min{f1(S1),f2(S2)}. Note that f1(S1) and f2(S2) can be any two arbitrary functions
The cellular mechanisms related to the two stresses, and/or the limiting cellular resources used to alleviate their influence are distinct
Growth rate is determined by a linear combination of the stresses g(S1,S2) ¼ f(a1*S1 þ a2*S2), where f(a1*S1 þ a2*S2) is any arbitrary function of its argument, and a1, a2 are the amount of common resource required to cope with stresses S1 and S2, respectively
For each unit of either stress, a common cellular resource is dedicated to alleviate stress effects. The cellular resource may be ATP, a mineral, specific proteins (for example chaperons) and others
Antagonistic The combined stress incurred by a combination of two factors is less severe than the stress incurred by only one factor at the equivalent level
Multiple compatible functional forms
Concentrations of relevant cellular components under either stress alone are similar 0.5oMo1
M41
Concave
Synergistic The combined stress incurred by a combination of the two factors is more severe than the stress incurred by only one factor at the equivalent level
Multiple compatible functional forms
Concentrations of relevant cellular components under either stress alone are disparate
Mo0.5
but instead change the physicochemical properties of the cell. For example, the permeability of the cell membrane is altered by the concentration of porins, and can influence the effect of multiple stresses. Super-convex shapes can arise if the effects of one stress alleviate the effects of another, and concave shapes can result if the optimal activity of these cellular components is different. These basic niche shapes are a simplification and an idealization, which is not expected to be precisely reproduced in observed niche shapes. Rather, they enable the identification of the dominant features of stress response physiology. For instance, though stress response is typically multifaceted, if a nearly diagonal shape is observed (for example, Figure 2c) , it is likely that the main response pathways of the two stresses compete for the same cellular resource.
Results
Measurement of 2D salinity-temperature gradients
We designed an inexpensive platform to create 2D orthogonal gradients of temperature and salinity on solid media, which allowed estimation of niche shapes realized in natural populations and their comparison to our simple theoretical model. We focused on the high-temperature/high-salinity quadrant, because our experimental apparatus did not allow us to examine sufficiently low temperatures for many strains. In addition, we found that upon removal of the temperature stress, new colonies developed at the cold-temperature region, whereas no new colonies form at the high-temperature region within an additional 24 h, consistent with previous studies showing resuscitation following a temperature increase (McDougald and Kjelleberg, 2006) . Therefore, at low temperatures there was ambiguity between no growth and slow growth phenotypes, although the effect of higher temperatures was cell death, making analysis more straightforward. Our motivation to focus on the high-salinity region was to achieve greater resolution and to be able to use the same rich medium for all strains. Assaying lower salinities would require using strain-specific media, which may differentially affect niche morphology, convoluting niche comparisons.
Niche morphology was quantified using the following parameters: highest permissive temperature (T Max ), highest permissive salinity (S Max ), optimal temperature (T Opt ) and niche morphology index (M). The niche morphology index, which summarizes how interactions between stressors affect niche boundaries, was defined to objectively classify the different niche shapes. M is defined as the area spanned by the niche divided by the area of the rectangular niche that would be observed had the two stressors been acting independently (Figure 2) . Table 2 illustrates how M values correspond to different classes of niche shape: concave-Mo0.5; diagonal-M ¼ 0.5; convex-0.5oMo1; rectangular-M ¼ 1; super-convex-M41. We note that although S Opt was outside the measured salinity range, the inferred M values are representative of those of the full high-temperature/ high-salinity quadrant, as long as the class of niche shape is consistent in this quadrant (note that no such switches were observed in the measured range of any of the strains).
In general, T Opt can be a function of salinity and requires detailed growth curves at each position to measure directly. We avoided this added complexity by approximating T Opt using two independent methods: (i) we took T Opt as the temperature that allows growth in the highest salinity (S Max ), and (ii) we defined T Opt as the midpoint of the range of temperatures in which the largest colonies formed. We note that the first approach is not applicable to super-convex shapes. However, the second method, which is capable of detecting super-convex shapes, yielded nearly identical results, with no superconvex shapes. Therefore, we report results based on the first, more straightforward approach.
Observed niche shapes M values fell in a narrow range between 0.64 and 1.00, and the observed niche shapes were all convex, ranging from nearly diagonal to nearly rectangular (Table 1, Figure 3) . No concave or super-convex shapes were observed. Niche shape parameters for all strains are summarized in Table 1 , and niche shapes of all strains are depicted in Supplementary Figure S6 . We note that classes of niche shapes in the low-temperature/high-salinity quadrant are consistent with those of the hightemperature/high-salinity quadrant (Supplementary Figure S7) , and were excluded solely because we have less confidence in their accuracy, as detailed in the previous section.
Maximal permissible temperatures, ranging from 25 1C to 41 1C, were consistent with realistic environmental conditions, whereas permissible salinities, ranging from 0.99 M NaCl to 1.55 M NaCl, far exceeded that typical of marine environments of B0.6 M NaCl (Emerson and Hedges, 2008) . Moreover, though the conditions in which strains typically inhabit agrees well with the strains' temperature tolerance, they are negatively correlated with the strains' salinity tolerance (Figure 3 ). This is exemplified by the fact that V. cholerae strains from warm estuarine and freshwater environments display high temperature and salt tolerance, whereas V. splendidus strains from a colder marine environment have a markedly lower temperature and salt tolerance.
Additionally, we observe that the various niche parameters do not vary independently. Salinity and temperature tolerance are positively correlated with each other, and negatively correlated with M values (Figure 3) . Thus, strains that display niche shapes consistent with independent responses to both stressors generally have lower overall tolerance to those stressors. By contrast, strains with high tolerances to a single stress tend to also have a high tolerance to the other stressor, and have a niche shape consistent with the existence of coupling between the stress responses. Although these trends appear highly significant, spurious correlations between independently evolving factors can arise because of the phylogenetic structure of the data. To control for phylogenetic effects, we used Felsenstein's method of independent contrasts (Felsenstein, 1985; Garland et al., 2005) to compute correlations between niche shape parameters and evaluate their significance. Even after accounting for the phylogeny, the observed trends remained statistically significant: T Max and S max had a correlation of 0.86 (P-value 7.2e À 4); T Max and M hot had a correlation of À 0.62 (P-value 2.7e À 2); S max and M hot had a correlation of À 0.56 (P-value 4.6e À 2).
Evolution of the fundamental niche
Comparison of niche shape across 17 strains provides a clear answer to the question of whether the majority of variation in niche shape occurs within or between species. Inspection of Figure 3c shows that niche shapes tend to be more similar between closely related strains, with very limited or no qualitative niche morphology changes occurring within species. For example, the cluster of V. splendidus isolates shows low tolerance to high temperatures and salinities, and almost rectangular niche shapes (high M), although the V. cholerae/ metecus isolates display high temperature and salinity tolerances and nearly diagonal niche shapes (low M). The average difference in niche parameters measured between these groups exceeds the withinpopulation variation by a factor of 2.5 (for S max ) to 5 (for T max ).
Discussion
The fundamental niche captures the range of environmental conditions in which a species can persist in isolation. However, as natural communities typically comprise numerous interacting species, the extent to which the fundamental niche is relevant to the ecology of natural communities is unclear and warrants further investigation. In this study, we show that all studied strains could tolerate salinities that are unlikely to be ecologically relevant, indicating that, in this dimension, their fundamental niche is far broader than their ecological range. In addition, Randa et al. (Randa et al., 2004) found that V. vulnificus usually occurs in low-salinity environments, but, as the temperature increases, it can expand its range into higher salinity environments. In light of our results, the fact that V. vulnificus is rare at saline, low-temperature environments is likely a consequence of biotic interactions, such as competitive exclusion or predation, rather than an inherent inability to thrive at these conditions. Thus, V. vulnificus' realized ecological range is a limited section of its fundamental niche.
Temperature and salinity tolerances are positively correlated across all strains in the study despite the fact that these factors are negatively correlated in some of the environments the strains were isolated from (for example, V. metecus strains from a warm, low-salinity environment in contrast to V. splendidus strains from a colder, saline marine environment). These results indicate that salinity and temperature tolerance mechanisms may be coupled at the molecular level, consistent with the findings of previous studies demonstrating that pre-exposure to osmotic stress increased the tolerance to heat stress in V. vulnificus (Rosche et al., 2005) . Such coupling may result from temperature and salinity responses using common molecular pathways such as the SOS response pathway, the heat-shock response pathway and the general stress response pathway (Hengge-Aronis, 2002; Diez-Gonzalez and Kuruc, 2009 ). However, Rosche et al. (2005) have demonstrated that the cross-protection between osmolarity and heat in V. vulnificus is independent of rpoS, the master regulator of the general stress response mechanism, and were unable to elucidate the origin of this cross-protection. An alternative potential mechanism for coupling between stress responses is partitioning of cellular resources between different stress response pathways. In the simplest (linear) model, a cell's tolerance would be a function of the sum of the two stress levels, leading to diagonal niche shapes (MB0.5). Remarkably, we observe an inverse correlation between stress tolerance and M values that remains significant even after controlling for phylogeny. Together with the unexpected positive correlation between the two stress tolerances, this correlation suggests a model in which the temperature and salinity response pathways are coupled, and moreover, that they compete for common cellular resources (for example, ATP).
Temperature adaptation may explain the incongruence between salinity tolerance and environmental salinity. As maximal temperatures are consistent with conditions at environments strains typically occur in, and strains can tolerate a much wider range of salinities than is ecologically relevant, it is possible that heat tolerance is under much stronger selection than salinity tolerance. Under this hypothesis, heat tolerance is set by the environmental conditions, which in turn affects salinity tolerance, which is mechanistically coupled to it. Thus, like heat tolerance, salinity tolerance is predicted to be correlated with environmental temperature, rather than environmental salinity. This is indeed the case in our data.
The potential for coupling between stressors cautions against making inferences based on individual stress tolerance phenotypes, as the results could be at odds with ecology. In fact, we cannot rule out coupling along other unmeasured dimensions (for example, nutrient levels, pH), nor can we rule out that these factors (rather than temperature) may be driving salinity and/or temperature tolerance levels. Nonetheless, these results indicate that meaningful work linking physiological, ecological and evolutionary aspects of niche theory will require an appreciation of the nuances of a multidimensional and potentially highly coupled niche space.
